Biosynthesis of eugenol shares its initial steps with that of lignin, involving conversion of hydroxycinnamic acids to their corresponding coenzyme A (CoA) esters by 4-coumarate:CoA ligases (4CLs). In this investigation, a 4CL (OS4CL) was identified from glandular trichome-rich tissue of Ocimum sanctum with high sequence similarity to an isoform (OB4CL_ctg4) from Ocimum basilicum. The levels of OS4CL and OB4CL_ctg4-like transcripts were highest in O. sanctum trichome, followed by leaf, stem and root. The eugenol content in leaf essential oil was positively correlated with the expression of OS4CL in the leaf at different developmental stages. Recombinant OS4CL showed the highest activity with p-coumaric acid, followed by ferulic, caffeic and trans-cinnamic acids. Transient RNA interference (RNAi) suppression of OS4CL in O. sanctum leaves caused a reduction in leaf eugenol content and trichome transcript level, with a considerable increase in endogenous p-coumaric, ferulic, trans-cinnamic and caffeic acids. A significant reduction in the expression levels was observed for OB4CL_ctg4-related transcripts in suppressed trichome compared with transcripts similar to the other four isoforms (OB4CL_ctg1, 2, 3 and 5). Sinapic acid and lignin content were also unaffected in RNAi suppressed leaf samples. Transient expression of OS4CL-green fluorescent protein fusion protein in Arabidopsis protoplasts was associated with the cytosol. These results indicate metabolite channeling of intermediates towards eugenol by a specific 4CL and is the first report demonstrating the involvement of 4CL in creation of virtual compartments through substrate utilization and committing metabolites for eugenol biosynthesis at an early stage of the pathway.
Biosynthesis of eugenol shares its initial steps with that of lignin, involving conversion of hydroxycinnamic acids to their corresponding coenzyme A (CoA) esters by 4-coumarate:CoA ligases (4CLs). In this investigation, a 4CL (OS4CL) was identified from glandular trichome-rich tissue of Ocimum sanctum with high sequence similarity to an isoform (OB4CL_ctg4) from Ocimum basilicum. The levels of OS4CL and OB4CL_ctg4-like transcripts were highest in O. sanctum trichome, followed by leaf, stem and root. The eugenol content in leaf essential oil was positively correlated with the expression of OS4CL in the leaf at different developmental stages. Recombinant OS4CL showed the highest activity with p-coumaric acid, followed by ferulic, caffeic and trans-cinnamic acids. Transient RNA interference (RNAi) suppression of OS4CL in O. sanctum leaves caused a reduction in leaf eugenol content and trichome transcript level, with a considerable increase in endogenous p-coumaric, ferulic, trans-cinnamic and caffeic acids. A significant reduction in the expression levels was observed for OB4CL_ctg4-related transcripts in suppressed trichome compared with transcripts similar to the other four isoforms (OB4CL_ctg1, 2, 3 and 5). Sinapic acid and lignin content were also unaffected in RNAi suppressed leaf samples. Transient expression of OS4CL-green fluorescent protein fusion protein in Arabidopsis protoplasts was associated with the cytosol. These results indicate metabolite channeling of intermediates towards eugenol by a specific 4CL and is the first report demonstrating the involvement of 4CL in creation of virtual compartments through substrate utilization and committing metabolites for eugenol biosynthesis at an early stage of the pathway.
Introduction
The phenylpropenes synthesized in plant vegetative parts as defense compounds against herbivores and pathogens (Obeng-Ofori and Reichmuth 1997 , Koeduka et al. 2008 are also important for human nutrition (Nahrstedt 1990 , Prasad et al. 2004 . In angiosperms, the biosynthetic pathway of phenylpropenes (eugenol, isoeugenol and related compounds) is shared with lignin/lignan biosynthesis during the initial steps, up to monolignol formation (Koeduka et al. 2008) . Although, the biosynthesis of eugenol is localized in the glandular trichomes of basil (Gang et al. 2001 , Gang et al. 2002 , and the enzymes transforming coniferyl acetate to eugenol have already being described in Ocimum basilicum trichome (Koeduka et al. 2008) , still much remain to be understood about the initial steps of this complex pathway. The knowledge of genes involved in lignin biosynthesis is available as a combination of reports from diverse plant species and this knowledge is always compared with phenylpropene biosynthesis to derive conclusions on the basis of assumptions. However, the preferred mechanisms of regulation and diversion of the carbon skeleton towards phenylpropenes in different tissues are less understood and are not described in the literature.
The enzyme 4-coumarate:CoA ligase (4CL; EC 6.2.1.12) is required for the biosynthesis of a diverse array of plant natural phenylpropanoid products (Hahlbrock and Scheel 1989 , Whetten and Sederoff 1995 , Douglas 1996 . Being the third enzyme of the general phenylpropanoid pathway, it may also play the central role in regulating overall flux of the hydroxycinnamic acids into subsequent biosynthetic pathways (Dixon and Paiva 1995) . This is emphasized in the literature based on expression patterns and phylogenetic analysis, but has never been demonstrated conclusively except in the case of lignin.
Comparison of the predicted 4CL protein sequences of cloned genes has revealed the presence of conserved peptide motifs of probable functional significance (Stuible et al. 2000) . In many plants, several isoenzymes of 4CL, preferentially accepting cinnamic acid and hydroxylated cinnamic acid derivatives, e.g. 4-coumaric acid, caffeic acid, ferulic acid or sinapic acid, have been described (Lindermayr et al. 2002) . The position of 4CL at the metabolic branch point connecting general phenylpropanoid metabolism with different end-product-specific pathways also makes this enzyme a promising target for intervention (Fig. 1) . The suitability of 4CL for pathway engineering is also suggested due to different isoforms, substrate specificities, expression patterns and speculated channeling of phenolic precursors to either lignin or flavonoid biosynthesis (Stuible and Kombrink 2001) . However, to date, the role of this enzyme in channeling intermediates towards phenylpropenes has not been demonstrated . Since 4CL genes are yet to be described in Ocimum species, this study reports a 4CL isoform from enriched peltate glandular trichomes of holy basil (O. sanctum L.) with differential substrate specificity, enabling it to divert carbon towards phenylpropene biosynthesis. Though a number of 4CLs have been described in the literature, this is the first report of a functional demonstration of a 4CL isoform, predominantly involved in the phenylpropene biosynthesis pathway leading to eugenol in Ocimum by creating virtual compartments through substrate utilization and committing metabolites to the pathway.
Results

Characterization of the OS4CL cDNA and its isoforms
The OS4CL cDNA (O. sanctum 4CL; GenBank accession No. HM990148, 1,704 bp) clustered with 4CL genes from O. basilicum (OB4CL; GenBank accession No. KC576841, 1,704 bp) and Agastache rugosa (AY587891, Ar4CL). OS4CL and OB4CL showed 81% amino acid similarity and 86% and 84% nucleotide similarity, respectively, to A. rugosa Ar4CL (Fig. 2) . The comparison of the full-length nucleotide and amino acid sequences of OS4CL (HM990148) and OB4CL (KC576841) has been provided in Supplementary Fig. S1 , showing 92% similarity at the nucleotide level and 96% similarity at the amino acid level. This sequence has two main (Gang et al 2001). conserved motifs: Box I and Box II. Box I (SSGTTGLPKGV) is highly conserved across 4CLs, luciferases, acetyl-coenzyme A (CoA) synthetases, long-chain fatty acyl-CoA synthetases and peptide synthetases. The occurrence of this motif has even been used as an important criterion for establishing the superfamily of adenylate-forming enzymes (Ehlting et al. 1999) . Box II (GEICIRG) is also conserved in all 4CLs, and its central cysteine residue is suggested to be involved in catalysis (Stuible et al. 2000) . Based on structural data obtained by homology modeling, Schneider et al. (2003) postulated the existence of a 4CL signature motif consisting of 12 amino acid residues lining the substrate-binding pocket (SBP), determining 4CL substrate specificity. The amino acid sequence of OS4CL also shows the presence of a similar signature motif ( Supplementary Fig. S2 ). The O. basilicum, expressed sequence tag (EST) database (http://www.planttrichome.org/trichomedb/estbyspecies_de-tail.jsp?species=Ocimum%20basilicum) was searched for homologous sequences, and 29 hits falling into five contigs were obtained. Downloaded ESTs were clustered into contigs using the CAP3 Sequence Assembly Program (Huang and Madan 1999) . These contigs were assumed to be isoforms of 4CL (OB4CL_ctg1-5) (Supplementary Table S3a ). The nucleotide similarity matrix between the full-length 4CL cDNAs and the contigs is presented in Supplementary Table S3b, and the primer positions for contigs are indicated in Supplementary  Table S3c. Transcript abundance of OS4CL and eugenol content at different developmental stages Quantitative reverse transcription-PCR (RT-PCR) analysis was carried out to measure the OS4CL transcript levels at different developmental stages (2, 4 and 6 weeks after seed germination) ( Supplementary Fig. S4a ). The transcript level of 2-week-old plants was taken as the calibrator with a relative quantity (RQ) of '1' and compared with the expression in 4-and 6-week-old plants with RQs of 3.55 and 5.13, respectively. The average 
Tissue-specific expression
The abundance of transcripts similar to all the five isoforms of 4CL genes reported in O. basilicum was analyzed in different tissues of O. sanctum by designing the primers from the contigs (OB4CL_ctg1-5) generated from the assembled ESTs of O. basilicum 'TrichOME Database'. The highest level of amplification was observed with OB4CL4 contig primers in the trichome of O. sanctum followed by leaf, stem and root (Fig. 3) .
A similar trend was also observed for the OS4CL transcript. The abundance of transcripts related to all other isoforms (OB4CL_ctg1, 2, 3 and 5) was maximal in the root, with less expression in trichomes of O. sanctum. OS4CL was assumed to be the homologous counterpart of OB4CL4 based on sequence homology. Hence the full-length cDNA for OB4CL_ctg 4 was also isolated and characterized from O. basilicum (OB4CL) for comparison.
Characterization of recombinant 4CL enzymes
The OS4CL cDNA was expressed in Escherichia coli as a fusion protein containing an N-terminal His 6 -tag with a molecular mass of 62.48 kDa. The purified protein was tested for its ability to utilize trans-cinnamic acid (CIN), p-coumaric acid (COU), caffeic acid (CAF), ferulic acid (FER) and sinapic acid (SIN). Analysis of enzyme activity indicated the utilization of COU, FER, CAF and CIN, but not SIN. Maximal activity was observed with COU as substrate, with an apparent K m of 1.66 mM ( Table 1) . FER was the next most preferred substrate (K m = 3.02 mM), followed by CAF (K m = 4.94 mM) and CIN (K m = 25.76 mM). Liquid chromatoography-mass spectrometry (LC-MS) analysis confirmed the formation of CoA esters for the substrates COU, FER, CAF and CIN acids ( Supplementary  Fig. S5 ). New peaks were identified to be the products of each substrate by comparing the molecular mass obtained from mass spectra read in both positive (M + H) + and negative (M-H) À ionization modes. The results of LC-MS analysis indicated the utilization of COU, FER, CAF and CIN as substrates by OS4CL. Similarly, OB4CL was expressed and analyzed, and was observed to have comparable specific activity and similar substrate specificity to OS4CL (Fig. 4) . The relative abundance of OS4CL transcript in pART/OS4CLi-infiltrated samples compared with the pART vector using quantitative RT-PCR of cDNA from leaf trichome and whole leaf, respectively. Data are means ± SD (at least five biological replicates), and the y-axis represents relative quantity (RQ). (c) Relative eugenol percentage estimated by static headspace gas chromatography and compared with samples infiltrated with vector pART27. Data are means ± SD (at least five biological replicates). (d) Representative gas chromatograms for eugenol standard (I); eugenol in pART vector-infiltrated leaf samples (II); diminished peak of eugenol in pART/OS4CLi-infiltrated leaf samples (III). Other terpene volatiles, b-elemene (El) and b-caryophyllene (Ca), were also detected along with eugenol (E), the characteristic volatiles of O. sanctum.
Transient silencing of the OS4CL gene in planta
Since transformation of O. sanctum using Agrobacterium was not successful, the leaf infiltration approach was employed for transient RNA interference (RNAi) to suppress OS4CL. Ocimum sanctum twigs were infiltrated with Agrobacterium tumefaciens carrying pART/OS4CLi [pART27 carrying OS4CL RNAi sense and antisense strands under the Cauliflower mosaic virus (CaMV) 35S promoter] construct or with agrobacteria carrying a vector (pART27) with only the CaMV 35S promoter (control). Quantitative RT-PCR analysis of OS4CL from the mRNA showed a reduced expression in trichome (37%) and whole leaf (40%) (Fig. 5a, b) . Quantitative analysis of eugenol showed a reduction of 31% in the infiltrated leaves with respect to the vector control (Fig. 5c, d) . Analysis of endogenous levels of five phenolic acids in the acidified methanolic extract showed an increase in COU ($10-fold), FER (3.6-fold), CIN (84%) and CAF (21%), but the SIN content remained unchanged in both pART/OS4CLi and vector control leaf samples (Fig. 6 ). In addition, no significant effect of OS4CL suppression on the total lignin content of O. sanctum leaf was observed in both pART/OS4CLi and vector control samples, showing 26.85% and 26.77% (of leaf dry weight) of the total lignin content, respectively ( Supplementary Fig. S6 ). No significant difference was also observed in the transcript levels related to O. basilicum 4CL isoforms, except for OB4CL_ctg4 in the trichome of pART/OS4CLi-infiltrated plant samples compared with control (Fig. 7) . The downstream genes after 4CL in the eugenol biosynthetic pathway were analyzed for expression in RNAisuppressed plant samples. Decreased expression of the genes C3 0 H (p-coumaroyl shikimate 3 0 -hydroxylase), CCOMT (caffeoyl-CoA O-methyl transferase), CCR (cinnamoyl-CoA reductase), CAD (cinnamyl alcohol dehydrogenase), CAAT (coniferyl alcohol acetyl transferase) and EGS (eugenol synthase) was observed in the suppressed samples compared with the control (Fig. 8) .
Subcellular localization of the OS4CL protein
Green fluorescent protein (GFP) fluorescence was observed for both the full-length OS4CL coding sequence fused to the GFP reporter gene and for a truncated N-terminal OS4CL4 fraction fused to GFP after transient expression in Arabidopsis leaves. GFP was detectable as a diffuse signal in the cytosol of Arabidopsis protoplasts (Fig. 9) . The pattern of fluorescence was similar to the fluorescence due to cytosolic localization of a GFP-alone construct.
Discussion
The enzyme 4CL is an important enzyme responsible for generating intermediates for phenylpropanoid biosynthesis. In this investigation, the genotype of O. sanctum 'CIM AYU' (Lal et al. 2003) having 83.56% eugenol in its essential oil was selected with the assumption that there was an active eugenol biosynthesis pathway in the trichome. Multiple isoforms of 4CL genes have been identified and cloned in many plant species (Lee et al. 1995 , Allina et al. 1998 , Hu et al. 1998 , Ehlting et al. 1999 , Cukovic et al. 2001 , Costa et al. 2005 , Shi et al. 2010 . Phylogenetic reconstruction studies from several plants indicate two large, evolutionarily ancient classes of 4CL genes (Class I and Class II) (Ehlting et al. 1999) . Class I 4CL genes are more closely associated with the biosynthesis of lignin, as demonstrated by antisense or RNAi suppression studies (Kajita et al. 1996 , Kajita et al. 1997 , Lee et al. 1997 , Li et al. 2003 , Wagner et al. 2009 , Gui et al. 2011 . The likely involvement of Class II 4CL genes is predicted for the biosynthesis of other phenolic compounds on the basis of compartmentalized expression in various plant organs and tissues (Hu et al. 1998 , Ehlting et al. 1999 , but this has never been demonstrated biochemically. A recent RNAi suppression study in Petunia indicated that the isoform Ph-4CL1 has no effect on the benzenoid scent profile (Klempien et al. 2012) . Hence, it is important to determine the role of 4CL and the route of metabolite channeling for the biosynthesis of commercially important phenylpropanoids such as eugenol.
OS4CL expression in the trichome correlates with phenylpropene biosynthesis Although 4CL genes have been characterized from many plants, the true size of the gene family is variable. Four members of the 4CL family has been identified in the moss Physcomitrella patens (Silber et al. 2008) , whereas Eve have been found in rice (Oryza sativa) (Gui et al. 2011 ) and four in Arabidopsis (Ehlting et al. 1999 ). In addition nine 4CL-like genes were predicted in the genome of Arabidopsis (Raes et al. 2003) . In the aspen (Populus trichocarpa) genome, 17 genes are found to share sequence similarity with known 4CL genes (Souza et al. 2008 , Shi et al. 2010 ). Of these, Eve genes are classiEed as 4CL genes and the rest as 4CL-like genes due to their difference/ similarity in structure (Souza et al. 2008) . In gymnosperms and dicotyledonous angiosperms, 4CL isoforms have been studied extensively. In O. basilicum, five isoforms were detected based on their sequence homology. Although OB4CL_ctg1 and 4 are highly similar in sequence, the highest expression of the OB4CL_ctg4 ortholog was observed in the O. sanctum trichome (Fig. 3) whereas the OB4CL_ctg1 ortholog had the highest expression in the root of O. sanctum. OS4CL of O. sanctum also showed an expression pattern similar to that of the OB4CL_ctg4 ortholog in O. sanctum, indicating probable homologous counterparts in these two different species. Hence, for comparison with OS4CL, the contig OB4CL_ctg4 was converted to fulllength cDNA and named OB4CL. OB4CL_ctg4 shared 80% and 85% nucleotide similarity with OS4CL and OB4CL, respectively ( Supplementary Fig. S3b ). The contig OB4CL_ctg4 is incomplete and is the result of the assembly of 10 available raw ESTs from the database with probable sequencing errors/genotypic differences ( Supplementary Fig. S3c ), explaining the difference between OB4CL and OB4CL_ctg4 sequences. However, involvement of OB4CL_ctg 1 and 5 in trichome eugenol biosynthesis is unlikely, as these two orthologs of O. basilicum are expressed more in the root of O. sanctum, which is not the site of eugenol biosynthesis, compared with the OB4CL_ctg4 (similar to OS4CL) ortholog expression pattern (Fig. 3) . In basil, the EGS1 (eugenol synthase1) protein appears to be restricted to glands where eugenol, chavicol and their biosynthetic derivatives such as methyleugenol and methylchavicol are synthesized and stored (Gang et al. 2001) . As transcript levels contribute significantly to the production of enzymes, the level of mRNA and protein may be correlated with the metabolic profiles for several enzymes residing at important regulatory points of the pathway (Xie et al. 2008) . Since 4CL catalyzes the formation of p-coumaroyl-CoA, representing the branch point for the central phenylpropanoid pathway in plants, the detection of a higher transcript level of OS4CL in the trichome in combination with the highest enzyme activity with COU may be correlated with routing of the carbon flux towards high eugenol accumulation/biosynthesis in these oil glands. From sequence similarity and conserved domain analysis, OS4CL of this investigation was assigned to the Class II 4CL genes. This group of genes are described for their likely involvement in the biosynthesis of different phenolic compounds. Hence, this implies the probable role of OS4CL in metabolite diversion towards eugenol in Ocimum. This relationship was also reinforced by the positive correlation between the OS4CL quantitative gene expression profile and eugenol content in essential oil at the plant developmental stages. The level of supplied substrate in the cell for a multistep pathway depends upon the initial steps regulating the carbon flux in the direction of the end-products. The efficiency of the intermediate enzymes also depends upon the availability of the flux to utilize the channeled carbon (Dudareva and Pichersky 2000) .
Substrate specificity and specific role of OS4CL
The preference of substrates for the recombinant OS4CL was in the order of COU, FER, CAF and CIN. A similar order of preference was observed for OB4CL from O. basilicum (Fig. 4) . Nonutilization of SIN was also confirmed by LC-MS analysis. Similar K m values were reported earlier for these substrates in Arabidopsis (Ehlting et al. 1999 , Costa et al. 2005 ). Lack of SIN activity and high COU activity does not conclusively suggest involvement of OS4CL in facilitating the biosynthetic pathway leading towards eugenol rather than S-lignin. However, as the trichome tissue is active in eugenol biosynthesis, diversion of the carbon towards eugenol by OS4CL and OB4CL may not be obscured. Further, these types of enzymes are shown to be channeling carbon towards flavonoid biosynthesis (Ehlting et al. 1999) . As reported earlier, substitution or deletion of either Val355 or Leu356 generates a SIN-converting enzyme retaining the activity against COU, CAF and FER (Schneider et al. 2003) in Arabidopsis, whereas deletion of both inactivates the enzyme. OS4CL (HM990148) has both the valine and leucine residues, unlike the SIN-converting 4CL enzymes of Glycine max (AF279267) and Arabidopsis (AAM19949). In Gm4CL1 (AF279267), a proline residue was present in place of valine, while leucine was replaced by valine in At4CL4 (AAM19949) ( Supplementary Fig. S2 ). Hence, the SBPalso proves OS4CL to be a specialized enzyme excluding SIN as a substrate. The amino acid sequence of O. basilicum OB4CL has a similar SBP which like OS4CL does not show any activity for SIN. These results indicate a strong possibility of direct/indirect correlation of the OS4CL carbon flux towards eugenol biosynthesis.
In planta transient RNAi analysis for metabolite channeling
The transient expression of genes is an efficient alternative for some functional analyses where the study of gene function becomes limited by the low efficiency/recalcitrant transformation systems and the long time span needed for the generation of transgenic plants such as in rose (Yasmin and Debener 2010) . In the absence of a perfect transformation protocol in Ocimum, an infiltration assay was preferred to demonstrate the function of OS4CL in planta and its involvement in channeling carbon towards eugenol biosynthesis. The enzyme 4CL is predicted to be the point of divergence from general phenylpropanoid metabolism to several major branch pathways (Hamberger and Hahlbrock 2003) , including lignin and flavonoids (Cukovic et al. 2001) . Transient suppression of OS4CL reduced the transcript levels for OS4CL in leaf trichome without affecting other isoforms, indicating a knock-down effect. Similarly, reduction of eugenol in RNAi construct-infiltrated leaf samples shows the probable effect of OS4CL transcript knock down, modulating its biosynthesis. The eugenol biosynthetic pathway includes several enzymes such as C3 0 H, CCOMT, CCR, CAD, CAAT and EGS. Initial commitment of intermediates at the level of 4CL channels the metabolites towards the action of these enzymes. Inhibition of an upstream enzyme affects the downstream product several steps away, as at each step the efficiency of the enzymes may decrease due to reduced availability of substrates. Song and Wang (2011) while studying the rosmarinic acid pathway in Salvia miltiorrhiza also observed a 20-70% decrease in the total phenolic content in PAL (phenylalanine ammonia lyase) suppressed lines, accompanied by low PAL activity. Also, Maeda et al. (2010) lines for the arogenate dehydratase isoform ADT1 responsible for phenylalanine biosynthesis. Because of low yield, difficulty in infiltration and estimation of metabolites from intact trichomes, leaf samples were analyzed for the metabolites after transient suppression. However, the possibility of other tissues in the leaf feeding the excess intermediate to the trichome for eugenol biosynthesis cannot be ruled out. This could be due to the huge amount of eugenol biosynthesized and stored in the trichome. The accumulation of COU, CIN, FER and CAF, but not SIN, in the acidified methanolic extract of infiltrated samples is consistent with the observation that OS4CL does not activate SIN. An increase in accumulation of CIN compared with CAF could be due to the utilization and conversion of CAF for another biosynthetic pathway in the trichome and leaf. As reported by Rubin and Jensen (1985) , CAF is a noncompetitive inhibitor of 3-deoxy-D-arabinoheptulosonate 7-phosphate (DAHP) synthase, the first enzyme in the shikimate pathway. An alternative route could exist for SIN biosynthesis from CIN leading to S-lignin in plants. However, if these are operating to their full potential with metabolites from other isoforms already expressed in the trichome at a low level, they may not accept the accumulated metabolites beyond a threshold limit. This explains the accumulation of metabolites in transiently suppressed leaf. Though eugenol was analyzed from the leaf, considering the biosynthesis and storage of this compound in the trichome (Gang et al. 2001) , the decrease in eugenol in RNAi-suppressed samples could be attributed to the eugenol from the trichome. Similarly, a decrease in OS4CL gene expression in the trichome also correlates well with the decrease in eugenol. As reported by Boerjan et al. (2003) , down-regulation of 4CL resulted in the reduction of lignin and cell wall-bound hydroxycinnamic acids (COU, FER and SIN) in tobacco and poplar. This differential effect on lignin and other compound is due to down-regulation of specific isoforms of 4CL with distinct substrate specificities (Lee et al. 1997 , Allina et al. 1998 , Hu et al. 1998 , Hu et al. 1999 , Harding et al. 2002 . In this investigation, no significant difference was observed in either soluble or acid-insoluble lignin content in the transiently suppressed leaf for OS4CL, which immediately indicates that the suppression has no effect on biosynthesis of lignin. The leaves used in this analysis were at the growing stage with developing trichomes, and were expected to be active in de novo lignin production. However, considering the short duration of transient suppression, it is difficult to ascertain the effect of OS4CL on overall lignin biosynthesis. The role of C3 0 H, COMT, CCR and CAD genes has been extensively investigated during lignification (Zhong et al. 2000 , Blee et al. 2006 , Rest et al. 2006 , Thevenin et al. 2010 , whereas their involvement in phenylpropene biosynthesis is still unexplored, except for OMT genes, CAAT and EGS. OMT genes are described to be multifunctional enzymes by Pak et al. (2004) . These enzymes primarily function in lignin biosynthesis but their role in the synthesis of volatiles can also not be obscured (Wein et al. 2002) . Dexter et al. (2007) have reported RNAi suppression of a petunia acyltransferase inhibiting isoeugenol biosynthesis. According to Koeduka et al. (2006) , coniferyl acetate is the substrate for both eugenol and isoeugenol synthase. Reduced eugenol in transiently supressed plants may be due to decreased levels of substrates feeding the pathway and is supported by the observation of decreased expression of downstream pathway genes such as C3 0 H, CCOMT, CCR, CAD, CAAT and EGS. This indicates the cascading effect of 4CL gene supression on downstream genes (Fig. 8) .
The cellular localization of OS4CL indicates its function
The enzyme 4CL has commonly been ascribed to be localized in the cytosol. However, one isoform of Sorbus aucuparia 4CL is predicted to be localized to the chloroplast (Gaid et al. 2011 ) and a 4CL-like member of the acyl-activating enzyme gene family of Arabidopsis was assigned to the peroxisome (Endler et al. 2008) . In this investigation, OS4CL was observed to be located in the cytosol like many other 4CLs.
Although a number of 4CLs have been identified in many plants, the importance of these enzymes in creating virtual compartments through substrate utilization in a tissue-specific manner and diverting intermediates towards phenylpropene (eugenol) biosynthesis has here been investigated and described for the first time. The highest expression of this enzyme occurring in the trichome combined with its substrate specificity towards COU, FER, CAF and CIN, and their accumulation in the transiently suppressed leaf sample for OS4CL indicated the role of this enzyme in predominantly channeling metabolites for eugenol biosynthesis. The OB4CL gene isolated from O. basilicum was also demonstrated to have similar activity and substrate preference, indicating a similar role to OS4CL.
Materials and Methods
Plant material
Seeds and plants of O. sanctum 'CIM AYU' having 83.56% eugenol in the essential oil (Lal et al. 2003) and O. basilicum 'CIM SAUMYA' having 62.8% chavicol (Lal et al. 2004) were acquired from the core collection of basil germplasm stored in the National Gene Bank for Medicinal and Aromatic Plants (NGBMAP) established at CIMAP, Lucknow (India).
Isolation and analysis of full-length 4CL cDNAs
Glandular trichomes were isolated from young leaves of O. sanctum by following the protocol based on the glass bead abrasion technique (McCaskill et al. 1992) . About 100 mg of trichome material was used for total RNA isolation using the cetyltrimethyl ammonium bromide (CTAB) method (Shukla et al. 2005) , and 5 mg of RNA was taken to synthesize cDNA using the Thermoscript RT PCR System (Invitrogen). From eight different groups based on homology of 4CL sequences, eight pairs of degenerate primers were designed. Of these, only one primer pair corresponding to the group containing the Agastache rugosa (Lamiaceae) 4CL gene (AY616436) resulted in amplification of a 531 bp fragment, which was cloned in the pGEM-T Easy vector (Promega). Nucleotide sequencing confirmed it as a 4CL gene, and it was designated as OS4CL (O. sanctum 4CL). The 5 0 and 3 0 regions of OS4CL were isolated using a Smart RACE cDNA Amplification kit (Clontech) and 3 0 RACE System (Invitrogen) from poly(A) + mRNA, respectively. The full-length cDNA sequence of OS4CL was deduced, amplified and cloned using specific primers 4CL_F, 5 0 -ACGGATCCAT GTTGTCCGTGGCGGAAGCTCAGAATTCG-3 0 (BamHI site underlined); and 4CL_R, 5 0 -ACAAGCTTTTAAGAGGTGGAGG AAGGTGCAGCAAG-3 0 (HindIII site underlined) for characterization. Sequence alignments, open reading frame (ORF) translation and molecular mass calculation of the predicted protein were carried out with the Sequence Manipulation Suite 2.0 (http://www.bioinformatics.org/sms2/). BLAST was performed at the NCBI server (http://www.ncbi.nlm.nih.gov/blast/Blast. cgi), whereas structural analysis of the predicted OS4CL was carried out at the Expasy website (http://cn.expasy.org). Similarly, with the help of OS4CL-specific primers, the fulllength O. basilicum 4CL (OB4CL) cDNA was amplified, isolated and cloned for further characterization.
Phylogenetic analysis Quantitative and semi-quantitative RT-PCR analysis
Quantitative RT-PCR was carried out following the protocol described by Maeda et al. (2010) using SYBR Green chemistry (Applied Biosystems). OS4CL, its isoforms and other gene-specific primers were designed with Primer Express Software version 2.0 (Applied Biosystems) and custom synthesized by Sigma Aldrich, India (Supplementary Table S7a ). The reactions were carried out in five biological replicates in a '7900HT Fast Real Time PCR System' (Applied Biosystems), and the specificity of the reactions was verified by melting curve analysis with the thermal cycling parameters: initial hold (50 C for 2 min); initial denaturation (95 C for 10 min); and 40 amplification cycles (95 C for 15 s; and 60 C for 1 min) followed by additional steps (60 C for 15 s, 95 C for 15 s and 37 C for 2 min). Relative mRNA levels were quantified with respect to the internal/endogeneous control 'actin of O. basilicum (TCOB40902)' (Raes et al. 2003 , Misra et al. 2012 . Sequence Detection System (SDS) software version 2.2.1 was used for relative quantification of gene transcripts using the ÁÁC T method. Threshold cycle (Ct) values obtained after real-time PCR were used for calculation of the ÁCt value (target-endogenous control). The quantification was carried out by calculating ÁÁCt to determine the fold difference in gene expression [ÁCt target -ÁCt calibrator]. The RQ was determined as 2 -ÁÁCT . Semi-quantitative RT-PCR was performed using the protocol: 94 C for 2 min followed by 29 cycles of amplification (94 C for 1 min, 60 C for 1 min, 72 C for 2 min) and final extension at 72 C for 10 min with the actin gene of O. basilicum as control. Details of the primers used in the semiquantitative RT-PCR have been provided in Supplementary  Table S7b .
Expression of 4CL proteins in E. coli
The ORFs of isolated 4CL cDNAs were cloned in the pET 28a(+) vector in-frame with the C-terminus of the His 6 -tag and expressed in E. coli [Tuner (DE3)] as described by Koeduka et al. (2006) . Protein was extracted from exponentially growing bacteria (3 liters of LB medium) after overnight induction at 15 C with 0.4 mM isopropyl-b-D-thiogalactopyranoside (IPTG; A 600 = 0.7). His 6 -tagged 4CL protein was purified using Ni-NTA spin columns (Novagen), analyzed by SDS-PAGE and estimated using Bradford Reagent (Sigma).
Enzyme assays
Enzyme activity was assayed in a standard assay buffer containing 100 mM Tris pH 7.5, 2.5 mM ATP, 2.5 mM MgCl 2 , 0.2 mM CoA, 0.2 mM substrates (CIN, COU, CAF, FER or SIN) and purified 4CL proteins. The reaction was started by adding CoA at room temperature, and the formation of the CoA esters was monitored at the absorption maxima of 311, 333, 345, 346 and 352 nm for cinnamoyl-CoA, 4-coumaroyl-CoA, feruloyl-CoA, caffeoyl-CoA and sinapoyl-CoA, respectively, for 10 min (Webster et al. 1974, Stockigt and Zenk 1975) . Kinetic constants (K m and V max ) for 4CL were analyzed at pH 7.5 and 30 C, with substrate concentrations ranging from 5 to 800 mM for hydroxycinnamic derivatives, and from 50 to 4,000 mM for CIN using 10 mg of purified protein. K m and V max were estimated from Lineweaver-Burk plots (Costa et al. 2005 ) from the average of five replicates.
The reaction was terminated by boiling for 2 min, followed by centrifugation, and the clear supernatant was analyzed by HPLC using the modified protocol of Lee et al. (2007) . The flow rate was maintained at 1 ml min À1 and UV detection was at 340 nm. LC-MS was performed using an LCMS-2010 EV liquid chromatograph-mass spectrometer (Shimadzu) equipped with an electrospray ionization (ESI) source to confirm the formation of CoA esters.
RNAi gene construct and infiltration for transient suppression
The RNAi construct was prepared by amplifying the sense and antisense gene fragments corresponding to the +24 to +512 region of OS4CL from the ATG codon. The primer pair 5 0 -AGA ATTCGGAGCTCTCATCTCAT-3 0 and 5 0 -GGGTACCAAATCCT CACCGAATA-3 0 was used to obtain the fragment in the sense orientation, and the pair 5 0 -CTCTAGAAGAATTCGGAGCTCTC -3 0 and 5 0 -GAAGCTTAAATCCTCACCGAATACG-3 0 was used to amplify the antisense fragment. These fragments were cloned sequentially on either side of the intron between EcoRI/KpnI and XbaI/HindIII restriction sites of the pHANNIBAL vector (CSIRO), respectively, to obtain the two arms of the hairpin. The complete hairpin cassette was cloned into the pART27 binary vector (Gleave 1992 ) using the NotI restriction site (pART/OS4CLi). The initial 489 bp from the 5 0 end of OS4CL shows a very low sequence similarity with the sinapate-converting 4CL gene isoforms of G. max (52%) and A. thaliana (39%). Hence this region was selected to be included in the RNAi construct for specificity. Agrobacterium strain GV3103 was transformed separately by the pART27 binary vector with and without the hairpin cassette. Transient RNAi assay in planta was carried out by 'vacuum infiltration', for which a fresh culture of Agrobacterium was inoculated into 10 ml of YEP broth with antibiotics (gentamycin 40 mg ml À1 and kanamycin 50 mg ml À1 ) and was grown overnight at 28 C for 18 h. The bacterial pellet was collected by centrifugation at 3,000 r.p.m. (4 C, 15 min), washed with 10 ml of infiltration buffer [50 mM MES pH 5.7, 0.5% (w/v) glucose, 2 mM Na 3 PO 4 , 100 mM acetosyringone] and resuspended in the same solution to obtain an OD 600 nm of 0.3. The plant samples (6-week-old O. sanctum twigs containing 4-5 leaves) were collected after 90 min of spraying with water for stomatal opening. These were submerged in the infiltration solution with Agrobacterium in a beaker placed in the vacuum assembly with a vacuum of 15 mmHg until the air bubbles started to come out from the tissue vigorously. The vacuum was slowly released and at this stage the leaves appeared to be becoming dark green and translucent because of the infiltration. After confirming the infiltration by visual inspection, the twigs were dipped in 4% sucrose, covered by cling film pierced at 4-5 places for aeration and incubated in the dark at 24-25 C for 48 h. Finally the dark green and translucent infiltrated leaves were plucked, weighed to analyze the metabolites, and trichomes were isolated for quantitative RT-PCR. Leaves from the same pool were dried to analyze lignin.
Metabolite analysis
Total eugenol was quantified by a Varian CP-3800 GC FID equipped with a Combi Pal static headspace autosampler following the protocol of Sitaramaraju et al. (2008) with slight modification. After standardization for maximum detection of eugenol, extraction from 0.5 g of chopped leaf sample was carried out for 15 min in 20 ml vials (Supelco) sealed hermetically with a PTFE (polytetrafluoroethylene)/white silicone septum and a cap, with oven temperature 100 C and syringe temperature 120 C of the headspace sampler. Samples were injected (500 ml) onto the gas chromatograph equipped with a CP-Sil 8 CB Column (30 m Â 0.32 mm i.d., with 1 mm film thickness) and analyzed using a flame ionization detector. The oven temperature was programmed from 60 to 240 C at 3 C min À1 and then up to 320 C at 5 C with the flame ionization detection temperature set at 280 C. Hydrogen (constant flow 1 ml min
À1
) was used as carrier, and identification was based on retention indices, co-injection with a standard and elution order in CP-Sil 8 CB.
The phenolics were extracted from 0.5 g of dried and powdered infiltrated leaves by adding aqueous methanol [10 ml, 70% (v/v)] followed by sonication for 1 h at 60 C. The mixture was filtered, followed by the addition of 10 ml of 6 M hydrochloric acid. In each sample, nitrogen was bubbled for about 40-60 s and refluxed in a water bath at 90 C until dry. Dried extract was resuspended in 1 ml of methanol and centrifuged at 12,000 r.p.m. for 5 min. Supernatant was collected into a fresh tube, filtered through a 0.45 mm membrane filter (Millex-HV) and analyzed (Proestos et al. 2008) similarly to as described for LC-MS analysis.
Lignin extraction and analysis
Lignin content was estimated using the protocol described by Mann et al. (2009) . This method involves two-step acid hydrolysis for fractionating carbohydrates and lignin into forms that are easily quantifiable. The analyses were carried out in five replicates. Lignin quantity was estimated as the percentage dry weight of leaves.
Subcellular localization of OS4CL protein
The ORFs of the full length (567 amino acids, OS4CLF) and the first 100 amino acids of the N-terminal region of OS4CL (OS4CLT), i.e. the leader peptide region, were fused separately upstream of GFP in the cloning sites XbaI and BamHI of the p326-sGFP vector containing the CaMV 35S promoter (a gift from Dr. I. Hwang, Pohang University of Science and Technology, Korea). Nucleotide sequencing confirmed the accuracy of the in-frame fusion. Each fusion construct, one with the complete gene (p326-OS4CLF/SGFP) and the other with only the leader peptide region of 100 amino acids (p326-OS4CLT/SGFP), and p326-sGFP vector control (15-20 mg of plasmid DNA) were separately transformed into Arabidopsis protoplasts to analyze the transient expression of GFP fusion proteins as described by Sheen (2002) and Nagegowda et al. (2008) using a confocal laser scanning microscope (Zeiss LSM 510) with a 40 Â 1.55 numerical aperture lens. Fluorescence was collected with a bandpass filter and GFP excitation was measured at 488 nm with an argon laser, while the fluorescence was detected at 520 nm.
Supplementary data
Supplementary data are available at PCP online. 
